Background: The understanding of mechanisms of osseointegration as well as applied knowledge
| ON OSSEOINTEGRATION
Direct bone anchorage of metallic implants was discovered by Brånemark in 1962 and after some animal experiments was applied clinically for oral implants in 1965. The development of directly bone-anchored implants has meant a breakthrough in possibilities to treat partially or totally edentulous individuals. The term osseointegration was coined by Brånemark in 1976 and then defined as a direct contact between implants and bone at the resolution level of the light microscope. 1 Initially, incorporation of titanium implants was seen as a simple wound healing phenomenon which was regarded as possible due to the assumed benign tissue reactions to the material, possibly even encompassing some sort of chemical attachments of the implants. 2 However, based on findings from later research, these initial ideas about titanium as a unique material have been questioned. Firstly, it was demonstrated that other metals, such as titanium alloys, tantalum and niobium as well as various ceramic materials, were likewise capable of osseointegration. 3 Secondly the notion of titanium being bioinert without any adverse tissue reactions was questioned. 4 Donath and colleagues 4 described that titanium was far from bioinert, but instead capable of eliciting immune responses when placed in tissues.
Donath and colleagues concluded that osseointegration was but a foreign body reaction where the tissues aimed at embedding the titanium material in bone as a mode of protection for nearby tissues. They claimed that any foreign material placed in bone will be rejected, dissolved, resorbed, or demarcated with a dense layer of bone to protect nearby tissues ( Figure 1 ). What is seen as osseointegrated materials is the latter body defense of demarcation, which develops on the condition that the implant remains relatively immobile (some initial movements in the micron range are tolerated).
Today, Donath's opinion has been verified by many researchers. well. In a recent overview, 14 it was reported that five different types of implant surfaces had been documented for more than 10 years. These surfaces were turned (machined), titanium plasma sprayed (TPS), blasted, SLA (sandblasted and acid-etched) and anodized ones. They all demonstrated a failure rate of within 5% at 10 years or more of follow-up.
| EVOLUTION OF DENTAL IMPLANT SURFACES
The properties of an implant surface have since long been identified to be one important factor to achieve and maintain osseointegration. 15 Implant surface properties can be divided into its topographical, chemical, mechanical, and physical properties. Several of these factors interact with each other and are not easily evaluated separately, for example, if the surface topography is modified, then the surface chemistry and physics are most likely to get modified as well.
| ROUGHNESS
In the modern implant era, that is, after the pioneering work by PI Brå-nemark and his team, the dental implant surfaces have been modified from the turned relatively smooth surface to the dominating moderately rough surfaces of today. Further, surface roughness modifications have been performed at different resolution, variations at the μm and at the nanometer levels. The reason for this work has been a desire to speed up the bone healing process in order to provide a strong primary stability that can create possibilities for an early loading time. The μm roughness is supposed to provide better biomechanical interlocking and the nm roughness provides more adhesion sites for the initial proteins that will come in contact with the implant surface and be of potential importance for the continuing bone healing process.
During the 1980s, attempts were made with some additive techniques to create a rougher surface, such as the TPS technique and, later, hydroxyapatite coatings (HA). Thus, titanium particles or HA particles were added on the implant surface. The profiles of such surfaces are characterized by a convex or bumpy appearance. These very rough surfaces failed to demonstrate good enough results in terms of implant loss and significant amount of marginal bone resorption after a couple of years, and therefore, disappeared rather rapidly from the market. 16, 17 From the 1990s, the dominating technique to achieve a moderately rough surface has been a subtractive technique. The surface has been roughened by removing material or reorganizing the superficial surface layer using blasting, blasting plus etching or oxidization techniques. Etching alone removes the marks from the underlining machining technique such as turning or milling, but seldom provides a significantly increased roughness in the micrometer scale. 18 Thus, the etching process transfers an anisotropic surface (eg, a specific direction in the surface structure created by the fabrication method) to an isotropic surface (no specific direction of the surface irregularities can be observed), but also provides a submicron roughness.
Today, the dominating roughness on well-documented dental implants is an isotropic and moderately rough surface produced by the removal of materials or reorganization of the outermost surface layer.
An example of the latter surface is the TiUnite (Nobel Biocare AG, Zürich, Switzerland) implant (Figure 2 ), where the oxide thickness is increased and the border between the titanium crystals is broken up by an anodizing process. TiUnite was launched in 2001 and since then, it has been one of the most sold dental implant surfaces worldwide. The clinical outcome has, in general, been very favorable and a recent metaanalysis has demonstrated that TiUnite has a significantly lesser probability for implant failure when compared with a turned surface. 20 In another newly published paper, oxidized surfaces were found to have the lowest probability for failure when compared to other moderately rough surfaces, minimally surfaces, and rough surfaces.
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FIGURE 1
The primitive undifferentiated mesenchymal stem cell is the mother of many different connective tissue cells. One possible development is the fibroblast that ensures a soft tissue embedment of foreign-body implants to protect nearby tissues; another development is the osteoblast that establishes bone tissue as a protective layer around foreign-body titanium implants 
| SURFACE CHEMICAL COMPOSITION
HA-coated surfaces became popular during the 1990s. The hypothesis behind this surface modification was the possibility to achieve a chemical bond between the coat and the bone due to the chemical similarities between the bone itself and the foreign material. The term "bioactive material" was used to indicate the presence of such bonds. However, these theories were not verified and HA-coated implants of the first generation were withdrawn due to unacceptable marginal bone loss. 17 Today, a bioactive surface likely refers to a particular possibility to enhance and speed-up the bone healing process after implantation. In various experimental studies, several ions incorporated in the implant surface, such as Ca, P, Sr, F, NaOH and Mg, have provided a strong bone response. [26] [27] [28] [29] [30] [31] [32] [33] [34] It should be noted that almost every technique to modify the surface roughness also alters the surface chemistry. Etching will leave different ions on the surface depending on the acid used, sandblasting will leave remnants of the blasting material, and oxidized surfaces will be chemically influenced by the electrolyte used. Thus, it is possible to improve both the chemical and topographical properties by selecting a certain manufacturing technique.
| PHYSICAL PROPERTIES (CRYSTALLINITY AND HYDROPHILICITY)
Titanium dioxide may have three different structures: rutile, which is the most common form; a tetragonal crystal, which is an anatase form that is also a tetragonal structure; and brookite, which is an orthorhombic structure. The anodized TiUnite implant has, in a recent study, displayed significantly fewer 10-year failures than any other implant surface that has been followed up long term. 14, 19 The scale bar indicates 10 μm
